ABSTRACT
INTRODUCTION
Few-layer hexagonal boron nitride (h-BN) has emerged as an important material in the study of heterostructures of twodimensional (2D) materials [1] [2] [3] , and its many unique properties suggest a variety of stand-alone applications [4] [5] [6] [7] . As an atomically-thin and chemically-inert sp 2 hybridized insulator, h-BN is an ideal substrate and encapsulation layer for graphene and transition metal dichalcogenides (TMDs) [1, 3, 8, 9] . Its flat surface and lack of dangling bonds reduce substrate-induced scattering for encapsulated 2D materials, and its impermeability prevents oxidation of these encapsulated layers [7, 8, 10, 11] . The ability to pattern and etch h-BN has been explored for a variety of purposes to aid in its role in graphene electronics. Patterned h-BN has been demonstrated as a growth template for CVD graphene [12] . Stacks of h-BN/graphene/h-BN have been etched to create edge contacts for the encapsulated graphene [11, 13] . Holes through h-BN stacked on graphene have been used to create point contacts for the graphene [14] . Moreover, nanostructures in insulating materials are being studied for their role in the production of superlattices in two-dimensional materials; the ability to pattern and etch h-BN for this purpose could enhance the results in the existing literature by moving the electronic 2D material closer to the periodic potential [15] .
The patterning and etching of h-BN has also been studied for several stand-alone applications. Nanopores etched in h-BN have been shown to confer several advantages for DNA sequencing over their graphene counterparts [4, 16] . h-BN nanoribbons etched from boron nitride nanotubes have also been explored due to their interesting magnetic and electronic properties [17] [18] [19] . Here we demonstrate the use of helium ion milling for the controlled fabrication of nanostructures in few-layer h-BN. Specifically, we show using a direct-write lithographic system that nanopores with diameters as small as 4 nm and ribbons with 3-10 nm width can be attained -roughly a factor of 5 smaller than what can be made by conventional electron beam lithography [20] . This method of nanopore formation achieves comparable sizes to milling in a transmission electron microscope (TEM) but at a much higher throughput [4, [21] [22] [23] [24] . The high precision and rapid rate of pore production suggests that this method may be useful for scaling up the fabrication of nanopore sensors, producing point contacts for h-BN encapsulated devices, or for testing applications that require a large number of holes on a sample such as water desalination [25, 26] or dielectric superlattices [15] . The ability to produce sub-10 nm ribbons demonstrates that this technique could be a straightforward method for studying the properties of h-BN nanoribbons. Furthermore, the demonstration ribbons at these sizes shows that other h-BN nanostructures can be created with minimal damage even at these small dimensions, allowing for the production h-BN deposition/etch masks, beams and cantilevers, and patterned dielectric layers.
EXPERIMENT AND RESULTS
Few-layered h-BN used for the suspended structures in this study was prepared by chemical vapor deposition (CVD) on copper following references [16] and [27] . The synthesis method in this work produces 3-5 layers of h-BN, ideal for creating near atomically-thin yet mechanically-stable suspended films. To prepare for the CVD growth, 1 cm x 4 cm copper foils are rinsed in glacial acetic acid for 10 minutes followed by 3 deionized water baths. A foil is then loaded into a tube furnace and annealed for 2 hours at 1020 C under a gas flow of 300 sccm of Ar and 100 sccm of H 2 at 1 Torr. After the 2 hours of annealing, the Ar gas flow is turned off and 100 mg of ammonia-borane powder (Sigma Aldrich 97%), located in an upstream one-end sealed quartz tube, is heated to 80 C for 30 minutes, allowing the BN precursor to diffuse to the copper catalyst where h-BN grows on the surface. The ammonia-borane is then cooled quickly to end the growth while the copper foil cools slowly at a rate of 10 C/min.
Suspended samples of h-BN are then prepared by direct transfer as described in reference [28] . h-BN coated copper foils are cut into 4 mm x 4 mm pieces and a drop of isopropanol is used to adhere a holey-carbon TEM grid to the h-BN surface. The stack is then floated (grid on top) in 10% weight-per-volume sodium persulfate solution and underlying copper is dissolved, leaving behind an h-BN coated holey-carbon grid. The sample is removed from the sodium persulfate, floated in deionized water briefly to remove any residual copper etchant, and then is ready for use.
h-BN nanostructures are prepared from the suspended sheets by locally etching with the focused helium beam of a Zeiss ORION NanoFab helium ion microscope (HIM). The microscope is operated at 25 kV with a beam current of ~1 pA. Features to be etched are defined using a direct-write lithography software that precisely controls the position of the beam and dose delivered. We find that it is necessary to use suspended h-BN in order to prevent the re-deposition of etched species on a substrate. In order to protect the sample from uncontrolled etching, imaging of the h-BN using the HIM is minimized; [29, 30] therefore, characterization is performed ex situ by TEM using a JEOL 2010 operated at 80 kV. To explore the relationship between helium ion dose and minimum etch-feature size, the suspended h-BN sheets are irradiated using point exposures at varying doses. 6 x 6 arrays of points, spaced by 60 nm, are exposed (with a constant ion dose for all points) using the focused helium beam. Doses for each array range from 100 -10,000 nc/ m 2 over a nominal probe size of 0.5 nm in diameter, typically requiring less than 1 second (up to 1000 nc/ m 2 ) to 10 seconds (up to 10,000 nc/ m 2 ) per spot exposed. The sizes of all of the pores in a 6 x 6 array are measured and averaged as plotted in Figure 1 (f). Similar to previous results that investigate the etching of graphene using helium ion milling, we find that the variation of the size of the h-BN pores with total ion dose can be attributed to the Gaussian profile of the beam [30, 31] . This is confirmed by the Gaussian dependence of the required helium ion dose versus pore radius shown in Figure 1 (f). Figure 1 (e) shows selected area electron diffraction (SAED) from an irradiated region; the regular crystal structure without strong presence of rings suggests that the h-BN is not substantially disordered by the etching.
In this study, the smallest pores formed were approximately 4 nm as shown in Figure 1 (e). Pores this size were formed by irradiating the sample at 400 nC/ m 2 . At spots exposed with lower doses, no pore formation was observed. These 4 nm pores are highly irregular in geometry and seem more elliptical than circular (major diameter = 5 nm, minor diameter = 3 nm) likely due to either beam/sample drift or beam stigmation. The irregular geometry suggests that further characterization and optimization is required to understand the edges. Nanopores of this size in MoS 2 have been previously used to discern single nucleotides, suggesting that this too is possible with the h-BN pores formed in this way [22] . h-BN ribbons were formed by irradiating two identical rectangular regions on either side of a narrow strip as shown in Figure 2(a) . By varying the distance between the etched shapes, the width of the ribbon is tuned. A total dose of 1 nc/ m 2 was found to be the minimum dose to fully etch the selected region and was therefore used to minimize damage to the h-BN ribbon. As shown in Figure 2 (b), sub-10 nm width ribbons can be fabricated in this way without incurring significant damage; this is reflected by the lack of obvious differences between the 7 nm width ribbon (left) and the center of the 30 nm width ribbon (right).
By further irradiating the ribbons after etching by imaging the sample continuously with the HIM, the ribbons can be whittled down. This implies that the edge is more susceptible to etching than the rest of the suspended sample. Using this method, ribbons can be whittled to less than 3 nm as shown in Figure 2 (c). However, these whittled ribbons appear damaged; this can be seen in Figure 2 (c) in which the shape of the ribbon is irregular and the edges are not straight as would be expected for a crystalline edge as in reference [16] . Further characterization by high-resolution TEM is necessary to probe the extent of this damage.
CONCLUSION
We have demonstrated that helium ion milling can be used to controllably fabricate sub-10 nm nanopores and nanoribbons in h-BN. With its high throughput and precision, this technique promises to advance studies requiring large numbers of nanostructures in an insulating layer such as those needed for nanopore arrays for DNA sequencing and for etched layers in van der Waals heterostructures. 
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